ABSTRACT
INTRODUCTION
Humans have many features that make them distinct from the great apes, for example, bipedalism, facilitated encephalization and use of complex language. These must be the result of genetic changes accumulated in the genome during evolution of the great apes and/or after the divergence of human and chimpanzee lineages Varki, 2004) . These include changes in the expression level (Khaitovich et al., 2004) , duplication (Fortna et al., 2004) and amino acid substitutions (Enard et al., 2002) of existing genes. Lineage-specific traits can also be achieved by * To whom correspondence should be addressed.
gaining new genetic materials through various mechanisms such as segmental duplication (Bailey et al., 2002) and retrotransposition (Burki and Kaessmann, 2004) . However, the 'less-is-more' hypothesis asserts that loss-of-function mutations are also important for the establishment of a species (Olson, 1999) . The most striking example that supports this hypothesis is the inactivation of the myosin heavy chain 16 (MYH16) gene in human lineage caused by 2 bp deletion within the coding sequence (Stedman et al., 2004) . The frameshift mutation resulted in the loss of the protein and a marked reduction of masticatory muscle mass, which may have allowed humans to have bigger brains. Other examples of human-specific gene inactivations are: complete gene loss of the sialic acid binding Ig-like lectin 13 (SIGLEC13) gene (Angata et al., 2004) , Alu repeat-mediated exon deletion of the cytidine monophospho-N -acetylneuraminic acid hydroxylase (CMAH) gene (Hayakawa et al., 2001 ), a nonsense mutation of the KRTHAP1 gene in the type I hair keratin gene cluster (Winter et al., 2001 ) and a 1 bp deletion of the EGFlike module-containing mucin-like receptor 4 (EMR4) gene (Hamann et al., 2003) .
The recent release of the chimpanzee (Pan troglodytes) genome by the Chimpanzee Genome Sequencing Consortium provides an invaluable resource for the identification of human-specific genetic changes that occurred after human and chimpanzee divergence (Olson and Varki, 2003) . A genome-wide comparison should disclose sequence differences between the two genomes. If an insertion or deletion event occurred in one of the two lineages, it will show up as an alignment gap. When such a gap is located within the coding sequence in a gene, it results in the insertion or deletion of one or more amino acids or in a reading frame change. However, the draft-quality of the chimpanzee genome sequence and the lack of supporting chimpanzee mRNA sequences hinder identification of lineage-specific genomic alterations. Since the current chimpanzee genome assembly (NCBI Build 1 Version 1, November 13, 2003 release) is based on 4× sequencing coverage, it is expected to contain sequencing errors including gaps. In contrast, the near-perfect 'finished' human genome sequence is considered to be highly accurate, exceeding the 99.99% accuracy standard (International Human Genome Sequencing Consortium, 2004; Schmutz et al., 2004) . Furthermore, the coding sequences can be crosschecked with several mRNA sequences isolated from various independent sources.
Here, we report the development of a simple and rapid procedure for identifying putative human-specific frameshift mutations and the discovery of nine such mutations. The procedure involves the collection of chimpanzee coding exons containing an insertion or deletion event compared with orthologous human mRNAs and comparison of human/chimpanzee protein pairs with corresponding homologs from other species. If a non-human/non-chimpanzee homolog shows substantial identity with the predicted chimpanzee protein in its entire length, the chimpanzee sequence is regarded as reliable and accurate, and, in turn, the presumed human-specific frameshift mutation is considered true. The potential functional consequences of the nine putative human-specific frameshift mutations are discussed. Owing to the limitations of the chimpanzee genome sequence mentioned above, the reciprocal approach was not performed.
METHODS

Data sources and sequence analysis
The human mRNA-to-human genome alignments, the human mRNA-to-chimpanzee genome alignments, the human genome sequence, and the chimpanzee genome sequence were downloaded from the Genome Browser Database (Karolchik et al., 2003) at the University of California, Santa Cruz (ftp://hgdownload.cse.ucsc.edu) in August 2004. The human mRNA-to-human genome alignment data were found in the tables 'refSeqAli' and 'all_mrna' of the database 'hg17.' The human mRNA-to-chimpanzee genome alignment data were found in the tables 'xenoRefSeqAli' and 'xenoMrna' of the database 'panTro1'. The non-human vertebrate protein database was prepared from the non-redundant protein database 'nr' (ftp://ftp.ncbi.nlm.nih.gov/blast/db/FASTA/nr.gz) with the assistance of taxonomy information (ftp://ftp.ncbi.nlm. nih.gov/pub/taxonomy/). Domain searches were performed using Pfam database (Bateman et al., 2004) at Washington University in St. Louis website (http://pfam.wustl.edu).
Collection of coding exons containing insertion or deletion
In order to identify human-specific frameshift mutations, we first collected GenBank accession numbers of the human mRNA sequences that were aligned in both the human and the chimpanzee genomes. The sequences without a complete coding region were excluded. If a sequence was aligned in more than one place in a genome, only the best alignment was kept to ensure that a sequence was mapped to a single locus.
A total of 75 856 human mRNA sequences met the condition to build the initial dataset.
In the next step, we selected human coding exons bearing nucleotide insertions or deletions when aligned to the current chimpanzee genome sequence. The coding region information and the genome alignment data were used to define the coding exons of each human mRNA sequence. For each human coding exon, a series of human mRNA-to-chimpanzee genome alignment blocks corresponding to the human coding exon was searched. If more than one alignment block was found for a single human coding exon, the corresponding chimpanzee exon was considered to contain insertions or deletions (see the legend to Figure 1 for an example). A total of 6517 non-redundant coding exons were found to have at least one insertion or deletion. The coding exons that contain more than one insertions or deletions were then removed. This condition was applied because multiple insertion or deletion in a single exon could arise from sequencing errors in the chimpanzee genome. It is possible to miss some rapidly decaying genes by this step, but we assume that the two species diverged sufficiently recently (5-7 million years ago) so that the probability of an exon accumulating multiple mutations during this period is small. There were 4628 coding exons with a single insertion or deletion event.
Collection of human-specific premature termination candidates
In order to investigate the consequence of an insertion or deletion event on a chimpanzee protein, we generated chimpanzee-like mRNA sequences. These are human sequences modified by applying insertions or deletions according to the human mRNA-to-chimpanzee genome alignment data. The coding region of each chimpanzee-like mRNA was then re-assigned using the same start codon as the corresponding human mRNA. Of the 4628 chimpanzee-like mRNAs, 3428 sequences contained complete coding regions from a start codon to a stop codon. With the aim of finding human-specific frameshift mutations leading to premature termination, we selected cases where a frameshift made the chimpanzee-like protein longer than the human counterpart. The chimpanzee-like mRNAs producing shorter polypeptides were removed. The amino acid insertion cases where the same open reading frame was retained after an insertion event were also discarded. A total of 289 chimpanzee-like mRNAs were identified to encode longer peptides than did the corresponding human mRNAs as a result of the reading frame change.
Identification of the non-human/ non-chimpanzee homologs
In order to identify non-human/non-chimpanzee homologs of each human/chimpanzee protein pair, BLAST searches of locally prepared non-redundant non-human vertebrate protein database were carried out by using human and chimpanzee-like protein sequences as queries. When the BLAST outputs were parsed, non-human/non-chimpanzee homologs were found for 240 of the 289 human/chimpanzeelike protein pairs. The hit list of each human/chimpanzee-like protein pair was sorted by the BLAST score between the chimpanzee-like protein and the non-human/non-chimpanzee homolog. Assuming that the chimpanzee-like proteins were 'wild types' (without a frameshift mutation), 38 cases where the chimpanzee-like protein showed a score increase of at least 10 bits, compared with the human protein, within the top five hits were saved for further analysis.
Collection of the human-specific frameshift mutations
Each of the 38 potential human-specific frameshift mutations was manually inspected. For each case, all human mRNAs and all homologous non-human mRNAs were obtained from BLAST searches at the NCBI website (http://www.ncbi.nlm.nih.gov/BLAST). The human and the chimpanzee genomic fragments that contained a given gene were derived from BLAT searches at the Genome Browser Database (http://genome.ucsc.edu/cgi-bin/hgBlat). The genuine chimpanzee mRNA sequence for each case was predicted from the chimpanzee genome sequence by assembling exons defined by an alignment of the human mRNA and the chimpanzee genomic fragment using the SIM4 program (Florea et al., 1998) . The chimpanzee protein sequences were deduced by translation of the predicted chimpanzee mRNA sequences. Multiple sequence alignment analyses of human and chimpanzee protein sequences along with respective homologs were performed using the T-COFFEE program (Notredame et al., 2000) . To be confirmed as a human-specific frameshift mutation: (1) the human genomic sequence of a gene should agree with all of its mRNA sequences and expressed sequence tags currently available and (2) the genuine chimpanzee protein should show significant identities with a nonhuman/non-chimpanzee homolog in the C-terminal side from the potential human-specific frameshift mutation site. This resulted in nine genes, each with a human-specific frameshift mutation.
RESULTS
The human-specific 1 bp deletion of BASE
A simple procedure for comprehensive identification of human-specific frameshift mutations was devised after a thorough examination of the BASE (breast cancer and salivary gland expression) gene. BASE was discovered in a search for genes expressed in breast cancer (Egland et al., 2003) . In normal tissue, its expression was almost exclusively detected in the salivary gland. BASE, a 179 amino acid protein, shares sequence similarity with horse Latherin, a 228 amino acid protein. Sequence comparison raised the possibility that BASE is truncated as a result of a 1 bp deletion in exon 6, creating a premature stop codon in exon 6. Insertion of a nucleotide 'restored' the reading frame to produce a 229 amino acid protein and led to extended similarity with Latherin. Bingle et al. also pointed out the single nucleotide deletion and suggested that BASE represents a 'dying gene' . The chimpanzee draft genome sequence enabled us to identify the chimpanzee BASE gene. Analysis of the alignment of the human BASE mRNA and the chimpanzee genome obtained from the Genome Browser Database revealed that exon 6 that spans from nt 555 to 635 of the BASE mRNA sequence was split into two alignment blocks, one from 555 to 566 and the other from 567 to 635 (Fig. 1A) . This interrupted alignment is because of an extra adenine nucleotide at position 33 233 688 of the chimpanzee chromosome 21 (the position is based on the chimpanzee genome November 13, 2003 release), extending the coding region of chimpanzee BASE. The single nucleotide deletion between 566 and 567 in the human BASE mRNA results in a reading frame shift and truncation of the BASE protein (Fig. 1B) . Peptide sequence alignment of human BASE and predicted chimpanzee BASE along with horse Latherin (Fig. 1C) clearly indicates that chimpanzee BASE encodes an intact protein and the 1 bp deletion mutation occurred in the human lineage after divergence of human and chimpanzee.
Design and application of a procedure for identification of the human-specific frameshift mutations
The human-specific single nucleotide deletion of BASE provided a clue for designing a procedure for genomewide identification of human-specific frameshift mutations. It involves collection of chimpanzee coding exons bearing an insertion or a deletion compared with human mRNAs and identification of non-human/non-chimpanzee homologs, which confirms that the mutations are human-specific. A simple procedure was designed to filter the human mRNAto-chimpanzee genome alignment data downloaded from the Genome Browser Database. Starting with 75 856 alignment datasets, we identified nine highly plausible humanspecific frameshift mutations. These are BASE, DNAJB3, FLJ33674, HEJ1, NTSR2, RPL13AP, SCGB1D4, WBSCR27 and ZCCHC13. encode 145 and 224 amino acid proteins, respectively. Interestingly, a comparison of human and chimpanzee DNAJB3 with macaque and mouse orthologs revealed that deletion of a thymine nucleotide near the C-terminus is common in human and chimpanzee. Macaque and mouse orthologs encode 242 amino acid proteins, and share many common amino acid residues at the C-terminus. This suggests that the mutation occurred in an ancestral species of both human and chimpanzee after divergence of monkeys and great apes. Macaque DNAJB3 (reported as MFSJ1) and mouse Dnajb3 (reported as MSJ-1) are specifically expressed in testis (Yu and Takenaka, 2003; Berruti and Martegani, 2005) . It is unclear whether the chimpanzee DNAJB3 that lacks 18 C-terminal residues compared with the macaque ortholog produces a functional protein, whereas the human DNAJB3 is likely to be inactive as almost half of its residues are missing. 
FLJ33674
FLJ33674 is a hypothetical secreted protein (Clark et al., 2003) . A deletion of an adenine residue occurs near the C-terminus (Fig. 3A) . The deleted adenine residue is embedded in a short poly guanine tract. The C-terminal region is relatively less conserved in the mouse homolog, B230206N24Rik (Fig. 4A) . It is possible that the C-terminus is not critical for the function of the protein.
NTSR2
Comparison of human NTSR2 (neurotensin receptor 2) with orthologs from chimpanzee and mouse revealed a humanspecific cytosine (C) deletion in a short poly(C) tract near the C-terminus (Fig. 3B) . The deduced C-terminal protein sequence of the chimpanzee NTSR2 shows a high level of homology to mouse Ntsr2 (Fig. 4B) , demonstrating that the cytosine deletion is unique to human. NTSR2 encodes a levocabastine-sensitive G protein-coupled neurotensin receptor 2 (Chalon et al., 1996) . It has seven transmembrane domains. The mutation in human NTSR2 occurs within the cytoplasmic tail after the seventh transmembrane domain. The frameshift mutation does not seem to exert an effect on the functional domains of the neurotensin receptor 2 (Vita et al., 1998; Martin et al., 2002) .
SCGB1D4
SCGB1D4 (secretoglobin family 1D member 4; also known as IIS for inteferon-γ -inducible SCGB) is a member of secretoglobin superfamily of genes. Its expression is inducible by inteferon-γ , a cytokine that stimulates the immune system (Choi et al., 2004) . It is expressed in virtually all tissues with the highest level in lymph nodes, tonsil and ovary. A multiple sequence alignment of human SCGB1D4, predicted chimpanzee SCGB1D4, human SCGB1D2 and rabbit SCGB1D shows that the difference in the C-terminal region is unique to human SCGB1D4 (Fig. 4C) . The deletion of a thymine residue at the 75th codon, CTT, is responsible for this difference (Fig. 3C) . The frameshift mutation abolishes the last cysteine, which is conserved in other closely related secretoglobin proteins. Although the functional consequence of the removal of the last cysteine is yet to be elucidated, the resultant SCGB1D4 has been reported to be still functional in chemotactic migration and in invasion of lymphoblast cells (Choi et al., 2004) .
WBSCR27
Comparison of human WBSCR27 coding exons with the chimpanzee genome uncovered an 11 bp insertion in human WBSCR27 (Fig. 3D) (Fig. 4D) . WBSCR27 is one of the genes assigned to the Williams-Beuren syndrome (WBS) critical region. The WBS is a neurodevelopmental disorder caused by a chromosomal microdeletion at 7q11.23 (Tassabehji, 2003) . The biological function or the relationship of WBSCR27 gene with WBS has not been reported.
ZCCHC13
ZCCHC13 (also known as CNBP2) is mapped in the Xinactivation region in mouse and human (Chureau et al., 2002) . A Pfam search identified 5 CCHC zinc finger domains for human ZCCHC13, whereas it predicted 6 fingers for chimpanzee ZCCHC13. The loss of the 6th finger of the putative human/chimpanzee ancestral ZCCHC13 is caused by an insertion of cytosine nucleotide between the 150th and the 151st codons in human (Figs 3E and 4E) . The mouse Cnbp2 and Xenopus CNBP have seven CCHC zinc fingers. The second finger in these proteins is missing in human and chimpanzee ZCCHC13 owing to a point mutation that replaces histidine (H) with arginine (R) within the corresponding region (Fig. 4E) . Mouse Cnbp2 was detected only in adult mouse testis by RT-PCR (Chureau et al., 2002) , and all human and mouse expressed sequence tags with defined tissue source were isolated from testis (UniGene Clusters Hs.157231 and Mm.159414), implying its involvement in the reproductive process. It is interesting that there is a progressive loss of fingers from 7 to 6 to 5 as one moves up the evolutionary ladder from frog and mouse to chimpanzee and then to human.
HEJ1 and RPL13AP
Two genes, HEJ1 and RPL13AP, showed two human-specific and one adenine nucleotides insertions, respectively, within the predicted coding regions ( Fig. 3F and G) . Comparison of HEJ1 and the mouse homolog Dnaja1 [DnaJ (Hsp40) homolog, subfamily A, member 1, GenBank accession number NM_008298] raises the possibility that HEJ1 is a pseudogene since the predicted protein sequence lacks the J domain, a hallmark of the DnaJ family of proteins. Comparison of HEJ1 and human DNAJA1 (GenBank accession number NM_001539) verifies that HEJ1 is a retrotransposed pseudogene derived from a partially processed DNAJA1 mRNA. Similarly, comparison of the cDNA clone BC067891, which is named RPL13AP in this study, with mouse Rpl13a (ribosomal protein L13a, GenBank accession number NM_009438) and human RPL13A (GenBank accession number NM_012423), suggests that it is also a retrotransposed pseudogene derived from a fully processed RPL13A mRNA. The retrotransposition of these two pseudogenes occurred before divergence of the human and the chimpanzee lineage. It is possible that these two cases represent 'decaying' pseudogenes and do not produce functional proteins.
DISCUSSION
Many distinct human traits are presumably the results of many genetic modifications . The most direct way to find human-specific genetic alterations would be a comparative analysis of the human and the chimpanzee genomes, which begins to be possible with the release of the chimpanzee genome sequence. We have developed a simple method to collect putative human-specific frameshift mutations that occurred after the divergence of human and chimpanzee. The method involves collection of chimpanzee coding exons showing interrupted alignment with corresponding human coding exons. We focused on human-specific frameshift mutations because the human genomic sequence is nearly complete and many mRNA sequences are available for crosschecking its validity. Chimpanzee genome sequence could contain more errors but the ancestral nature of a particular gene sequence can still be discerned if it is conserved in non-human/non-chimpanzee homologs. By development and application of sequential computational filters to sort out publicly available data including human mRNA-to-chimpanzee genome alignments, we have identified nine human genes each with a human lineage-specific frameshift mutation. Two of the genes identified in this study, BASE and DNAJB3, may represent 'dying genes' during human or great ape evolution. The frameshift mutations in these genes result in truncation of a substantial portion of their C-termini, possibly leading to inactivation of the proteins (Figs 1C and 2B) . BASE belongs to the PLUNC (secreted proteins, palate, lung and nasal epithelium clones) family of proteins, which seem to mediate host defense functions in the mouth, nose and upper airways (Bingle and Gorr, 2004) . More than 10 evolutionarily related PLUNC genes, including BASE, are found on the human chromosomal band 20q11.21 and on the orthologous chromosomal region in rodents . The DNAJB3 encodes a sperm-specific member of DnaJ protein family for spermiogenesis in macaque and mouse (Yu and Takenaka, 2003; Berruti and Martegani, 2005) . This case is intriguing in that, besides the human-specific guanine insertion, there is a human/chimpanzee common thymine deletion near the C-terminus compared with the macaque ortholog ( Fig. 2A) . The biological outcome of the loss of the short C-terminal tail in chimpanzee or the half of the protein in human, and the exact timing of the thymine deletion in the great ape evolution are yet to be determined.
Two other proteins with altered C-termini, NTSR2 and SCGB1D4, were experimentally proved to be functional in human (Vita et al., 1998; Martin et al., 2002) . The biological functions of the other three proteins with altered C-termini, FLJ33674, WBSCR27 and ZCCHC13, have not been reported. Since the mutations occur near the C-termini, they may exhibit full or at least limited functionality. The remaining two genes, HEJ1 and RPL13AP, are likely to be transcribed pseudogenes produced by retrotransposition. Although they manifested human-specific frameshift mutations in the predicted coding region, they may not encode any functional protein. Retrotransposition and gene decay are common evolutionary processes observed in mammalian genomes (Zhang et al., 2002) .
The sequences at the insertion or deletion sites suggest the molecular mechanism of the frameshift mutations. Six of nine frameshift mutations reported in this study, 2 in DNAJB3 and 1 in each of NTSR2, SCGB1D4, HEJ1 and RPL13AP, occurred within mononucleotide runs. The deleted adenine residue in FLJ33674 is embedded in a poly-guanine tract. The frameshift mutation in BASE involves a deletion of an adenine residue within a doublet of trinucleotide GCAGCA, resulting in a doublet of dinucleotide GCGC. WBSCR27 has a humanspecific duplicated 11mer within the coding sequence. The existence of short monomeric or multimeric nucleotide repeats suggests emergence of frameshift mutations by replication slippage errors (Kunkel and Bebenek, 2000) .
Although a handful of human-specific mutations have been reported previously, none of them were found in this study. Examination of database records of those genes revealed the reason they were not detected and innate limitations of the current approach. MYH16 has a 2 bp deletion in exon 18 (Stedman et al., 2004) . However, no MYH16 mRNA sequence has yet been deposited in GenBank. It was identified as a pseudogene in the human genome. EMR4 has a 1 bp deletion in exon 8 (Hamann et al., 2003) but no coding region information has been put in the GenBank entry (AF489700). KRTHAP1 was identified as a pseudogene and has no mRNA entry in GenBank. Furthermore, it had been inactivated by a nonsense mutation (Winter et al., 2001) . Inactivation of CMAH (GenBank accession number BC022302) occurred by an Alu-mediated exon deletion (Hayakawa et al., 2001) . The procedure developed in this study requires defined coding sequence information in the database and is designed to find an insertion or a deletion mutation within a coding exon. None of the above cases meets these conditions.
The procedure adopted in this study is designed to find novel frameshift mutations based on predicted coding sequences. A reciprocal study to find chimpanzee-specific frameshift mutations can be made by a slight modification of the reported method. However, the current chimpanzee genome sequence may contain sequence errors that impede proper interpretation of the result. We await the high quality finished chimpanzee genome sequence such as that for the chromosome 22 (Watanabe et al., 2004) . Watanabe et al. (2004) reported 32 cases where the start ATG or the stop codon is different from their human counterparts. When we reviewed alignment data of 24 cases where the stop codon was changed, we found only 3 cases showing obvious human-specific mutations. These were C21orf30, C21orf 71 and LIPI (GenBank accession numbers AL117578, AF086441 and BC028732, respectively). The first two involved nonsense mutations that were not considered in this study. The third case was a frameshift mutation. However, the corresponding GenBank record does not contain coding sequence information. And furthermore, the record had been removed according to submitter's request and it did not produce alignment data in the Genome Browser Database.
In summary, we developed a simple method for a genomewide detection of human-specific frameshift mutations based on publicly available databases, and identified nine genes that had been specifically modified in the human lineage. The procedure is readily applicable to any species for which a high quality genome sequence is available. It is also possible to collect nonsense mutation-mediated human-specific premature terminations by a minimal modification of the current method. This study demonstrates that even the draft-quality chimpanzee genome sequence delivers useful information for the study of the human evolution.
